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The ATLAS and CMS Collaborations recently presented evidence of a resonance decaying to pairs of 
photons around 750 GeV. In addition, the BaBar, Belle, and LHCb Collaborations have evidence of lepton 
non-universality in the semileptonic decays of B mesons. In this work, we make a ﬁrst step towards a 
uniﬁed explanation of these anomalies. Speciﬁcally, we extend the Standard Model by including vector 
leptoquarks and a scalar singlet that couples linearly to pairs of the leptoquarks. We ﬁnd there is 
parameter space that gives the correct cross section for a putative 750 GeV resonance decaying to 
photons that is consistent with unitarity, measurements of the properties of the 125 GeV Higgs boson, 
and direct searches for resonances in other channels. In addition, we also show that constraints can be 
derived on any Beyond the Standard Model explanation of the 750 GeV resonance where the only new 
particles are scalars, which are strong enough to rule out certain types of models entirely.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The ATLAS and CMS Collaborations recently presented evidence 
using data taken at 
√
s = 13 TeV of a resonance, denoted X , de-
caying to a pair of photons [1,2]. ATLAS reported a local (global) 
signiﬁcance of 3.6 σ ÷ 3.9 σ (2.0 σ ÷ 2.3 σ ) for a mass mX ≈
750 GeV. The range of signiﬁcance depends on the assumptions 
made about the width of the resonance, with 3.6 σ correspond-
ing to the narrow width approximation, and 3.9 σ when the 
width is taken to be about 6% of the mass of the resonance. 
ATLAS recorded 8 ± 4 events above the expected background in 
the 750 GeV bin with 3.2 fb−1 of data. This translates to a cross 
section times branching ratio for the resonance of approximately 
σ(pp → X) Br(X → γ γ ) ≈ 1 ÷ 4 fb. Meanwhile, CMS reported a 
local (global) signiﬁcance of 2.6 σ (1.2 σ ) for mX ≈ 760 GeV, con-
sistent with ATLAS’ ﬁndings. CMS assumed a narrow width for the 
resonance. While anomalies with local signiﬁcances of 2 σ ÷ 3 σ
are known to come and go,1 the fact that both CMS and ATLAS 
see an excess around the same mass has already led to consider-
able theoretical attention [5–69]. See [70,71] for some studies of 
the prospect of resonances in the diphoton channel using Run-1 
LHC data.
E-mail address: christopher.murphy@sns.it.
1 For example, a preliminary CMS analysis of 7 & 8 TeV data that searched 
for a resonance decaying to a pair of photons showed a 2.93 σ excess around 
mγ γ ≈ 136.5 GeV [3]. However, this excess disappeared in the ﬁnal version of the 
analysis [4].http://dx.doi.org/10.1016/j.physletb.2016.03.076
0370-2693/© 2016 The Author. Published by Elsevier B.V. This is an open access article 
SCOAP3.To make things even more exciting, for the past couple of years 
there have been several anomalies in the semileptonic decays of 
B mesons. In particular, the BaBar, Belle, and LHCb Collaborations
have seen evidence for a deviation from τ/ universality (where 
 = e, μ) in the semileptonic, charged current decays B → D(∗) ,
Rτ/
D(∗) =
Br(B¯ → D(∗)τ ν¯)/Br(B¯ → D(∗)τ ν¯)SM
Br(B¯ → D(∗)ν¯)/Br(B¯ → D(∗)ν¯)SM
. (1)
Combining the three experiments’ measurements, Rτ/D = 1.37 ±
0.17, Rτ/D∗ = 1.28 ± 0.08, leads to a departure from the Standard 
Model (SM) prediction at the 3.9 σ level [72–74]. In addition, LHCb 
has 2.6 σ evidence of a departure from μ/e universality in the 
neutral current b → s decay,
Rμ/eK =
Br(B → Kμ+μ−)
Br(B → Ke+e−) = 0.745
+0.090
−0.074 ± 0.036, (2)
which is predicted to be very close to one in the SM [75]. These 
anomalies have also attracted signiﬁcant theoretical attention, see 
e.g. [76–92].
The primary model building challenge associated with the 
750 GeV resonance is to explain why the decay of X to a pair 
of photons, which is a loop level process for the Higgs boson of 
the SM, was the ﬁrst channel in which evidence of a resonance 
showed up. In particular, the cross section times branching ratio 
for pp → X → γ γ is O (104) times larger than that of a 750 GeV 
Higgs boson in the SM [93]. Since X is neutral, it must couple to 
pairs of charged particles in order to decay to a pair of photons. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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at a hadron collider is through gluon fusion, which will occur if 
the scalar is coupled to pairs of colored particles. Many of the pro-
posed explanations for the B decay anomalies involve leptoquarks, 
which are charged and colored bosons. The preferred mass of the 
leptoquarks is O (1 TeV) with couplings of O (1) to quarks and lep-
tons, see e.g. [85,86,92].
With this background, it would seem that an electroweak (EW) 
scalar singlet coupled linearly to a pair of leptoquarks should be 
a good candidate to explain the 750 GeV resonance, while simul-
taneously explaining the B decay anomalies. Several authors have 
explored the non-minimal scenario where there are scalar lepto-
quarks, and additional particles in the loops, such as vector-like 
fermions [56,68,69]. Refs. [56,68] also noted the potential for their 
models to explain the B decay anomalies.2 In contrast with those 
works, we study a model involving a scalar singlet and vector lep-
toquarks.
The rest of the paper is organized as follows. We argue in 
Sec. 2 that a Beyond the Standard Model (BSM) theory where the 
only new particles are scalars, and whose interactions arise purely 
from dimension-4 operators, cannot be an explanation of the reso-
nance X . We also show that similar logic can be used to constrain, 
but not in general completely rule out both extended scalar sectors 
with interactions arising from both dimension-3 and dimension-4 
operators, and theories with new spin-1 particles. In Sec. 3, we 
study a model involving a scalar singlet and vector leptoquarks. 
Since there are already multiple works which show the viability 
of vector leptoquarks as explanations of Rτ/
D(∗) and R
μ/e
K , we sim-
ply assume the leptoquarks are viable with MV ∼ 1 TeV, and focus 
solely on explaining the diphoton excess and the constraints di-
rectly associated with it. In this initial work, we ignore the novel 
loop level contributions in this model to X → f f¯ coming from a 
loop containing two leptoquarks and one fermion. We ﬁnd there 
is parameter space that gives the correct cross section for a puta-
tive 750 GeV resonance decaying to photons that is consistent with 
unitarity, measurements of the properties of the 125 GeV Higgs 
boson, and direct searches for resonances in other channels.
2. Theoretical constraints on explanations of the 750 GeV 
resonance
Ref. [8] found that the two-Higgs doublet model (2HDM) was 
not a viable explanation of the 750 GeV resonance. We ﬁnd that 
the doublet–septet model of Ref. [97] cannot explain the excess. 
A priori, the doublet–septet model was an attractive candidate as it 
does not contribute to the ρ parameter at tree level [98,99], and 
has six charged scalars with Q = −1, 1, 2, 3, 4, 5 to increase the 
diphoton rate. Since this failure seems to be a generic feature of 
models where the only BSM particles are scalars whose interac-
tions arise purely from dimension-4 operators, it is worthwhile to 
have a more model-independent understanding of why this class 
of theories does not work. We give such an argument in what 
follows. Similar logic can be applied to the case where there are 
interactions mediated by both dimension-3 and dimension-4 oper-
ators, as well as to the case where there are spin-1 particles. We 
show that while models are constrained, there is in general param-
eter space that allows for an explanation of the diphoton excess.
First, consider the scenario where all of the BSM particles 
are scalars, and all of the interactions in the scalar potential 
are due to dimension-4 operators. In this case, all of the neu-
tral, CP-even scalars (and crucially in some theories, some of the 
2 Leptoquarks are also viable explanations of the CMS  j j anomaly [94], see 
e.g. [68,95,96].charged scalars) are Higgs boson-like in the sense that they all 
have a cubic interaction involving one Higgs boson and a pair of 
EW vector bosons. The couplings of Higgs bosons to fermions and 
vector bosons are related to each other by sum rules [71,100–102]. 
The sum rules arise by requiring the scattering of longitudinally 
polarized vector bosons to be unitary (at tree level) to arbitrar-
ily high energies. The mixing angles that enter into the sum rules 
for Higgs bosons also appear in every cubic scalar coupling that 
arises purely from ﬁelds related to electroweak (EW) symmetry 
breaking. The 2HDM is known to have this property. Refs. [103,
104] showed that the cubic coupling of h to the charged Higgs 
boson in the 2HDM approach a ﬁnite, non-zero value in the align-
ment limit, which is the direction measurements from the LHC are 
pushing the parameter space of the 2HDM. We have veriﬁed that 
the cubic coupling of the charged Higgs boson to the would-be 
X in the 2HDM (the heavier, CP-even Higgs boson) approaches 
zero. Furthermore, the couplings of the 125 GeV Higgs boson to 
fermions and vector bosons are Standard Model-like (SM-like) to a 
good extent [105–109]. Thus, any couplings related to those of the 
125 GeV Higgs, h, must correspondingly be small, including the 
aforementioned cubic scalar couplings.
Now consider the case where all the BSM particles are still 
scalars, but the scalar potential has both dimension-3 and dimen-
sion-4 operators. A simple way to generate a dimension-3 operator 
is to include a scalar singlet in the theory. There are theories 
without scalar singlets that have dimension-3 operators in their 
potential as well, such as the Georgi–Machacek model [110,111]. 
Cubic scalar interactions can evade the argument of the previous 
paragraph as they do not necessarily involve the mixing angles 
associated with EW symmetry breaking (e.g. β in the 2HDM). 
Another advantage of dimension-3 operators, being relevant op-
erators, is that they do not run to Landau poles. Indeed for the 
fairly large values of couplings needed in theories where dimen-
sion-4 operators are responsible for the diphoton excess, the quar-
tic couplings run to Landau poles, sometimes at unacceptably low 
scales [13,59,61,62]. In models where dimension-3 operators are 
primarily responsible for the diphoton excess, the coeﬃcients of 
the dimension-4 operators can simply be taken to be small enough 
such that the Landau pole scale is well above the other scales of 
interest in the problem.
There are two challenges in the case of dimension-3 operators. 
First, there is still a relation in these theories between the cou-
plings h and X to pairs of SM particles. Both the relevant mixing 
angle(s) between h and X (e.g. α in the 2HDM) and the magni-
tude of the cubic coupling must be small enough such that the 
predictions for the signal strengths of the 125 GeV Higgs boson 
are consistent with experiment.
The second consideration is that the magnitude of the cubic 
coupling must be below the maximum value that is theoreti-
cally allowed by perturbative unitarity [100,101,112,113]. The per-
turbative unitarity bounds are most restrictive for scalars in the 
diphoton loop, as the scalar-loop form factor is the smallest of 
the three (scalar, fermion, vector), A0 ∼ 1/3 versus A1/2 ∼ 4/3
and A1 ∼ 7 [114,115]. These form factors are discussed further 
in Sec. 3. Interactions of the form XφQ +φQ − are bounded by 
φQ +φQ + → φQ +φQ + scattering.3 A generic scattering amplitude 









3 We consider φQ +φQ + rather than φQ+φQ − scattering to avoid s-channel res-
onances (assuming φQ + is the scalar with the largest electric charge that couples 
to X ), which complicates the process of extracting unitarity bounds [112].
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ear combination of cubic couplings, and we have assumed that the 
mixing between X and h is small enough to neglect the contribu-
tion of h. |m|  v ≈ 246 GeV is needed to get the correct cross 
section to explain the diphoton excess, so m should be mostly 
composed of couplings that arise from dimension-3 operators, oth-
erwise the 2HDM would be viable. The strongest unitarity bounds 
on λ and m come from the  = 0 partial wave amplitude for the 
scattering amplitude, Eq. (3), evaluated at large s and the threshold 









− λ s → 4M2Q ,
(4)
with MQ being the mass of φQ + . The constraint |a0| < 1
(|Re(a0)| < 1/2) at large s leads to the bound |λ| < 16π (8π). Plug-
ging in the positive upper limit on λ leads to the minimal, but 
model-independent bounds, |m| < 6.2 ÷ 7.3 TeV (4.4 ÷ 5.1 TeV) 
for MQ = 400 ÷ 1400 GeV, again using the constraint |a0| < 1
(|Re(a0)| < 1/2).
We now apply these bounds to some of the models that 
have recently been considered in the literature. However, due to 
large amount of literature on this subject, it is likely that we 
are not considering every relevant model. Ref. [54] considers the 
singlet extension of the Manohar–Wise model [116]. Its bench-
mark point with mSi = 1 TeV is in trouble with unitarity as m =
k2 f = 6.36 TeV. This is ruled out by |Re(a0)| < 1/2, but allowed 
by |a0| < 1. On the other hand, its benchmark point with mSi =
600 GeV is consistent with this unitarity analysis. Ref. [63] also 
looked at extended scalar sectors. They showed that with enough 
charged scalars the correct production rate for X can be obtained. 
However, they do not indicate if this can be done without spoiling 
the agreement between theory and experiment for the coupling 
of the 125 GeV Higgs boson to photons. Ref. [67] does a parame-
ter scan to ﬁnd viable parameter space in the Georgi–Machacek 
model. In this case, the parameter of interest is m = gHH05H05 ∼
2
√
3M2 for M2  v , |α| ≈ 0. The unitarity bound roughly leads 
to |M2| < 1.9 (1.3) TeV for mH5 = 400 ÷ 600 GeV using |a0| < 1
(|Re(a0)| < 1/2). M2 is scanned over the range 1 ÷ 104 GeV in 
Ref. [67].
Finally, consider the case where the scalar resonance, X , cou-
ples linearly to pairs of charged and/or colored, spin-1 particles. 
At high-energies, when these vector particles are longitudinally 
polarized, |μ| ∼ √s/MV , the amplitude for elastic vector–vector 
scattering mediated by the exchange of X grows with energy. At 
suﬃciently high energies, unitarity will break down unless there 
is a cancellation amongst the various parameters that enter into 
the scattering amplitude, which we will assume does not happen. 

















, for s  M2X,V , (5)
plus terms with less powers of energy in the numerator. Provided 
there is no cancellation among parameters, the theory breaks
down around energies 
√
s ∼ 4√π v/|κ |.
3. Model of a scalar singlet and vector leptoquarks
Consider supplementing the SM with a scalar singlet, φ, and 
a vector leptoquark, Vμ . All of the SM charge assignments for Table 1
SM charge assignment for the various types of vector lep-
toquarks, V μ , and the SM currents of fermions they couple 
to. Adapted from Ref. [85].
SU(3)c SU(2)L U (1)Y Jμ
3¯ 1 −2/3 ¯LγμqL , e¯RγμdR
3¯ 3 −2/3 ¯LγμqL
3¯ 2 5/6 ¯cLγμdR , e¯
c
RγμqL
3¯ 1 −5/3 e¯RγμuR
3¯ 2 −1/6 ¯cLγμuR
the various vector leptoquark bosons, and the current(s) of SM 
fermions that they couple to, are given in Table 1. The interactions 
of interest are
















where H is the Higgs doublet (HT = (0, (v + h2)/
√
2) in uni-
tary gauge), MV is the mass of the leptoquark, and κ , and g
are free parameters. We chose the parameterization of Eq. (6) for 
later convenience. Since there are already multiple works which 
show the viability of vector leptoquarks as explanations of Rτ/
D(∗)
and Rμ/eK , see for example Refs. [85,86,92], we simply assume the 
leptoquarks are viable with MV ∼ 1 TeV, and focus solely on ex-
plaining the diphoton excess and the constraints directly associated 
with it.
The scalar singlet mixes with the neutral, CP-even component 













This mixing leads to a universal form for the decay rates of X into 
SM particles that couple of X at tree level,
(X → f f¯ )
(X → f f¯ )SM
= (X → V V )
(X → V V )SM = sin
2 α, (8)
where (X → Y )SM is the branching ratio for a SM Higgs bo-
son with MX = 750 GeV, V V = W+W−, Z Z , and f = t, b, τ . The 
mixing in Eq. (7) cannot be too large, as it is constrained by mea-
surements of h [108,109]. Requiring all of the universal-type signal 
strengths for h to be within 15% of their SM values yields the 
bound α < 0.4. We neglect the possibility of the tree level decay 
X → hh, as the parameter that controls the rate of this decay can 
be made suﬃciently small without affecting the interesting fea-
tures of the model. The decay rates of X into SM particles that do 
not directly couple to X are more complicated,
(X → gg)
(X → gg)SM (9)
=




(X → γ γ )
(X → γ γ )SM
=









with τa = M2X/4M2a . There is a similar formula for X → Zγ as well. 
The formulas for h → {gg, γ γ , Zγ , Z Z , WW } have a similar struc-
ture to Eqs. (9) except the angular dependences of the SM and 
C.W. Murphy / Physics Letters B 757 (2016) 192–198 195Fig. 1. The cross section times branching ratio for pp → X → γ γ in fb for two leptoquarks models as contours in the MV − α plane. The orange and blue parameter space 
is ruled out by requiring the Higgs couplings to photons and gluons to be within 10% of their SM values respectively. (For interpretation of the references to color in this 
ﬁgure, the reader is referred to the web version of this article.)leptoquark contributions are cosα and −κ sinα + g cosα respec-
tively. In addition, Mh enters the form factors instead of MX . From 
this, we see that measurements of the Higgs’ couplings constrain 
both α and g to be small. This illustrated explicitly in Fig. 1. In ad-
dition, small g is favored by constraints from running the quartic 
couplings of the theory.
In this initial work, we ignore the novel loop level contributions 
in this model to X → f f¯ coming from a loop containing two lep-
toquarks and one fermion, e.g. X → bb¯ receives a contribution at 
the one-loop level from a loop consisting of two leptoquarks and 
a tau. The form factors entering the one-loop amplitudes are [114,
115],
A0(τ ) = −[τ − f (τ )]τ−2, (10)
A1/2(τ ) = 2[τ + (τ − 1) f (τ )]τ−2,
A1(τ ) = −[2τ 2 + 3τ + 3(2τ − 1) f (τ )]τ−2.
A0 is listed even though it does not appear in Eq. (9) to help facil-
itate the discussion of Sec. 2. The function f (τ ) is













if τ > 1.
(11)
The cross section times branching ratio for pp → X → γ γ is
σ(pp → X) (12)
= σ(ggF → X)SM (X → gg)
(X → gg)SM
+ σ(VBF → X)SM (X → V V )
(X → V V )SM ,
Br(X → γ γ )
= Br(X → γ γ )SM (X → γ γ )
(X → γ γ )SM
×
(∑
Br(X → Y )SM (X → Y )
(X → Y )SM
)−1
,Ywhere ggF and VBF are the gluon and vector boson fusion pro-
duction processes respectively, and Y = tt¯, bb¯, τ τ¯ , W+W−, Z Z ,
gg, γ γ , Zγ . All SM Higgs boson cross sections and branching ra-
tios are taken from [93]. In this initial work, we neglect the possi-
bility of producing the resonance through photon fusion. Including 
photon fusion would decrease the value of κ needed to explain the 
excess, allowing more parameter space to satisfy the bounds from 
unitarity.
Fig. 1 presents σ(pp → X) Br(X → γ γ ) in fb as contours in 
the MV − α plane. The left panel corresponds to a leptoquark 
with quantum numbers (3¯, 3)−2/3 and κ = 0.10 (and g = 0), 
whereas the leptoquark of the right panel has the quantum num-
bers (3¯, 1)−2/3 and κ = 0.27 (and again with g = 0). Of the ﬁve 
types of vector leptoquarks in Table 1, these cases lead to the 
largest and smallest diphoton rate for a given value of κ respec-
tively. The orange and blue parameter space is ruled out by re-
quiring the Higgs couplings to photons and gluons to be within 
10% of their SM values respectively. Fig. 2 shows cross section 
times branching ratio for pp → X → Y in fb for two leptoquarks 
models with MV = 1000 GeV. The blue, orange, green, red, and 
purple curves correspond to Y = γ γ , gg, tt¯, W+W−, and Z Z re-
spectively. The shaded region corresponds to a cross section with 
the correct order of magnitude to explain the diphoton excess. 
For the model with quantum numbers (3¯, 1)−2/3, α > 0.012 is 
ruled out by searches for resonances in the W+W− and Z Z chan-
nels [117–120]. We ﬁnd that these are the two most constraining 
direct searches for this model, rather than heavy quarks, taus, di-
jets, or Zγ . See e.g. [10,13] for more discussion of these bounds.
Figs. 1 and 2 demonstrate that there is parameter space that 
gives the correct cross section for a putative 750 GeV resonance 
decaying to photons that is consistent with unitarity, measure-
ments of the properties of the 125 GeV Higgs boson, and direct 
searches for resonances in other channels.
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